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Wireless body area sensor nodes (BASN) enable
Inexpensive continuous monitoring of patients

Battery replacement for body-worn devices may not be
feasible or desirable



Commercial-off-the-shelf (COTS) wireless BASN

(top)
Digital Logic
Memory

(bottom)
Radio

Other Components: Amplifiers, ADC, Power, Interface

Pac > 20 mW (continuous transmission)
< 2 hours of battery life (33mAh)

Memory
Microcontroller
Watch Crystal

RF Transceiver
Matching network
RF crystal
Antenna connector



Custom low-power BASN IC

Custom IC

Rai, ISSCC 2009. Morrison, DAC 2010

« Digitize & transmit ECG, EMG, neural data
* No signal processing
 Battery life: 3 days (100% duty cycle (DC)) 4



Opportunity: energy harvesting
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Our proposed solution
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CONVENTIONAL.: PROPOSED:

« Battery « NO battery - harvest power

* No signal processing « Extract information

* Transmission at 100% DC e« Selective transmission



Functional diagram
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Startup and energy harvesting
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Startup and energy harvesting
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Signal processing path
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Signal processing path
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Power management
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Power management
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System block diagram
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Energy harvesting
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Hybrid energy harvesting

6 stages

VBOOST: 1.35V

Gate
Control

— e e Off-chip

Storage Cap

l—»Power Mgmt.

[ JLp
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Over-Voltage Clamp

Power-On Reset (POR)

Capable of thermal, photovoltaic, and/or RF energy harvesting



Boost converter

Startup
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It Carlson, Strunz, Otis, JSSC 2010

» Measured efficiency of 38% for V,;.=30mV, V,,,=1.35V
* Requires minimum voltage (V) to sustain conversion
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Measured RF kick-start

RF Bulse, -10dBm Vaooor

<—Bc§Jost Co@verter
i turns on

Voltage (V)

time (s)

« Wireless RF pulse provides one-time kick-start
« The node runs indefinitely thereafter



Boot-up sequence

SAT APR 30 09:01:56 2011

Agilent Technologies 01
2] B s00v/ @ 5000/ i 8722r 25003/ Stop § E 875¢ — POR
il
1

\/M o Programmed?
¥ ‘ \/ .

‘ No J —3 Yes

132B ROM 1404B RAM

—\/ = POR out
BOOST (AFib Detection) | | (Reprogrammable)

!
Instruction memory (IMEM)

* POR issues reset at 1.0V
« Upon boot-up, the chip fetches instructions from the ROM

(default) or the RAM
* If Vgoost < VL » RF burst can ‘revive’ chip to default

algorithm in ROM



Signal path

Rectifier

Energy Harvesting / Supply Regulation

Boost
Converter

Analog Front-End

Veoost Monit

or

LNA VGA

11

|_|

Storage
Cap

MUX

Inst. Memory Bus x 2

Bandgap

POR

Clamp

Regulators

.
I
|
I
I
I

0.5V, 1V, 1.2V,
0.25-1v__ |

8-bit
SAR
ADC

4-channel ECG/EMG/EEG

MUX
Control

Mode Controls

DPM Clock Gates

Power Controls

Clock ACCEL. Clocks
Gen

Power Management / Signal Processing

s

DMA / Data
Memory

Accelerators

8b MCU

ENV.

-
<> | ProgFIR
e Detect

- —> R-R [ AFib
I I Detect
| 1. Stream Mode 2. DSP Mode
o
I System ‘ I I Frequency — Multiplying
Clock Transmitter

1,.2,4

Divide

BFSK

Packetizer

« &+ s s & s e

Off-Chip

200 kHz

21



Analog front-end (AFE)

1 of 4 channels
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Flexible signal path

Data processing Data transmission
Generic Path Stream
MCU: microcontroller
ECG -»{ MCU _ >
M Example Custom Path Store and Burst \\\
EMG Processed Data for TX
RR+ Data 4kB ata for
W_> AFE | | FR D O > | —=> | o1em >
EEG :
) ) Example of Mixed Path Event-Based Burst
ANV
ENV 4kB If event
> FR P oot ] MCU P> > ovem

« Data processing: max flexibility (generic path) or max
efficiency (biosignal accelerators)

« Data transmission: supports modes from streaming
(100% DC) to rare event detection (~0% DC)



N

Energy efficient accelerators

.

=©-wmcu Accelerators:

== RR+AFib Accel.
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ST FiRAccel o Programmable FIR
Heart rate (R-R) extraction

=

Atrial Fibrillation (AFib) detection
Band energy extraction

\

Direct memory access (DMA)

Measured Energy/Op (pJ)

o

« Packetizer
50 100 150 200
Delay (us) o
Energy Efficiency / Sample
MCU 6.3 nJ
30 Tap FIR Accel 57.6 pJ ) 110x
MCU 3.6 nJ
6800
Env. Detect Accel £30 £ 3 X
MCU 12 pJ
. 4000
R-R Extract Accel 3 £] ) X



DPM: signal path control
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MCU vs. DPM

Generic processing
MCU (e.g. add, multiple)

I
IMEM | |
DPM | ==y Controlinstructions

(e.g. power/clock-gate)

« Execution of instructions toggles automatically
between MCU and DPM.

DPM Energy | MCU Energy

NOP 0.7 pJ 1.46 pJ
Control Signals 2.8 pJ 2.92 pJ

Branch Commands 2.9 pJ 4.38 pJ
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Frequency multiplying TX

Low frequency ; High frequency

i A i '
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* Frequency multiplication:
synthesis at low frequency, transmission at high frequency
« Edge-combiner based frequency multiplier
* ILRO-based edge generator
* PAintegrates the edge combiner



BFSK data modulation

Measured Data Modulation

FREE RUN
e ||
Frequency: 432.086 MHz RBW: 1kHz
Span: 200 kHz (Freeze )
Input Att: 0dB (Freeze )
A1-2: 95,5625 kHz Marker: 422.0373125 MHz
0.019 dB (30.02 dBe/Hz) -18.46 dBrm (-48.46 dBrm/Hz)
0 .
dBm
“ 1 ” “ On
D |
10
dB/
$ $ -100
dBm
Center: 432,086 MHz Span: 200 kHz

Spectrum Analyzer: Measurement Off

« Quartz reference clock is pulled using AC (~200ppm)
 Afis multiplied by 9x (~100kHz)
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Voltage regulation

VeoosTt: 1.35V Linear Regulators Switched-Cap Regulator

05V
Bandgap

Bias Gen —

.

l i vvy v
Vrer, Irer 2 2 § ; 0.25-1.0V
1.2V PADS, AFE
1.0V TXLO
0.5V TX PA
0.5V DPM, MEM, ACCEL

Variable  0.25-1.0Vin 50mV, enabling DVS.



Power management scheme

\LSEL

r — VBOOSTL
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Channel 2 —p-
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* Vgoost IS Scaled and digitized
« DPM compares Vgoost VS. Vg (Programmable)
 DPM chooses reconfigurable modes (“stoplight”)



Closed-loop power management
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Continuous transmission of ECG

2

= Real ECG
== == Reconstructed ECG
Voltage 1 | -
(mV)

n : : L—lzmSﬁ i
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N ZT;M 12 MMWWWWW (I

I L
0 0.2 0.4 0.6 0.8 1.0 . 4 16 18
Time (S)

« ECG signal measured from a healthy human subject

* Wireless link demonstrated between the custom IC and a
commercial receiver (TI CC1101)

* 397 W from Vgoost



R-R interval extraction of ECG

l = (—655 ms—) VBoost ’
sample
0.8 |
’
ADC IN, 4 |
M) o4l
I I I I I I I I
1 - L L L L L L L L -
TX EN osf < 650 ps »/ :
= F F F Header Data CRC L i
1 | «>e———>
TX L] L L L]
DATA °°
O i i i i i i i i
0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
Time (s)

Every 5s, Vgoost IS Sampled to check for sufficient energy
DPM enables RF crystal oscillator (20ms) and TX (650us)
19 pW from Vgoost

Powered from a 30mV input 34



AFib detection of ECG

Input ECG Signal
V)

s ILE B R V V V
b= ° AFib begins _/ | |
A S Chip detects AFib —
o> 0.5
2
< 0 :
0 1 === 03 95 97 99 101 103 105 107
Time (s)

 When a rare AFib occurs, TX is enabled to transmit the
last 8 beats of ECG (in the data memory).

* 19 pW from Vgoost

 Powered from a 30mV input



Selective transmission

500
TX
(0.14pA)

400

300

200

100

Estimated Total chip Power (LUW)

0 20 40 c0 80 TX DC: 0.013%
Effective Transmit Rate (kbps)

. Battery-free with TEGs today

« Selective TX and ULP circuits enable energy harvesting
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Comparison with prior work (cont.)

VLSI'11 [ISSCC’09| JSSC’10 JSSC'11 ISSCC'10

: 1.5 pJ/inst
rocessor ., 200KHZ
P (8b RISC ISA)
Prog. FIR,
AFIB, DMA,
Accelerator Env. Det
Packetizer
Memory 5'553\(/())'3_
Dig. Power 2.1uW
Total Power 19uW
Note on 8b ADC, DSP
Total P (R-R extract),
otal POWeI| 1 2t 0.013%
(includes): DC
Technology 130nm

28.9 pJ/inst
73kHz
X X X
(32b COR-
M3)
4x SIMD, FIR,
FIR, DMA, x ASIC DSP Packetizer, x
Encryption Compression
42kB (1.2V) x x 20kB (1.2V) 5kB (0.4V)
2.1uW
12puW N/A 2.1pW 500puW (MCU)
31.1pW  500pW  77.1pW 2.4mW 7. 7uW
12b ADC, 8b ADC, 12bADC, écs)tljf(\c[i)aft:a Data
DSP TXat DSP (EEG comp, FIR) acquisition,
(heart beat 100% feature . '. DSP (DFT),
detection) DC  extraction) Sldatiy ISEL SRAM
5% DC
180nm 130nm 180nm 180nm 180nm



Conclusion

1. First wireless biosignal processing chip powered
solely from a TEG with RF kickstart enabling
battery-free operation

2. Our chip integrates state-of-the-art MICS/ISM
transmitter, AFE, powertrain, and biosignal
accelerators

3. These blocks are intelligently controlled to
enable programmable datapath and closed-loop
power management
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